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ABSTRACT 
Male scale  insects of the species Parlatoria oleae Colv~e  (Homoptera: Coccoidea)  produce 
motile sperm bundles. The bundle is a  syncytium consisting of l0 to 20 closely packed, 
filamentous spermatozoa, which share a common cytoplasm and are enclosed in a common 
membrane. The individual spermatozoon is not surrounded by a plasma membrane, but is 
delimited by a scroll-like  sheath composed of 45 to 50 microtubules. The microtubules run 
parallel to the long axis of the spermatozoon and are arranged in a  spiral pattern as seen 
in transection. The outside diameter measures approximately 140 to 220 A and the inside 
diameter, 70 to  100 A. The spermatozoon is about 300 tt long and tapers gradually from 
a diameter of approximately 0.3 tt anteriorly to 0.1 tt posteriorly. The anterior half (150/z) 
has a  threadlike core of chromatin about 0.07  #  in diameter.  A  homogeneous cytoplasm 
surrounds the nuclear core and fills the posterior half of the spermatozoon. Neither osmium 
tetroxide nor glutaraldehyde fixation revealed the presence of a nuclear envelope, acrosomal 
membranes, mitochondria, flagellum, or centrioles. In spite of the apparent lack of orthodox 
cell organelles, the spermatozoon is actively motile upon release from the bundle. It exhibits 
capactiy for motility throughout its entire length. Since the sheath of microtubules is the 
only structure which extends the full length of the spermatozoon, it probably plays a signifi- 
cant role in spermatozoan motility. 
INTRODUCTION 
Flagella and cilia have attracted the attention of 
investigators interested in cell motility for a  long 
time  (26).  Their  uniform  ultrastructure,  which 
consists of microtubules arranged in a basic 9  -b 2 
pattern, has inspired many important hypotheses 
regarding the mechanics of their movement. The 
inference has often been made that the 9  -k 2 pat- 
tern is the only arrangement of microtubules that 
could form the basis of flagellar motion. However, 
Porter  (56),  Cleland  and  Rothschild  (21),  and 
others  have  suggested  the  desirability of finding 
variations from this pattern in order  to  test  the 
hypotheses based on it and to assess fully its role in 
motility. 
Microtubules  which do not conform to the 9  q- 2 
arrangement  have  recently  been  discovered  in 
certain motile flagella (2,  15,  63,  65)  and in di- 
verse types of ceils where their occurrence is cor- 
related with cell movement and structural support 
(32,  37-39, 55,  61,  65,  66). The various patterns 
they display may be indicative of different types of 
motility or. in some cases, may represent alternate 
25I structural  arrangements for the production of the 
same motion. 
Hughes-Schrader  (33)  described  the  develop- 
ment  of  the  filamentous  spermatozoa  of  certain 
coccid insects and claimed  that they lack  typical 
flagella.  The  electron  micrographs  of Nebel  (45, 
46) and those of Moses and Coleman (44) support 
herfinding. What appearsto be the spermatozoon's 
motile apparatus is composed of approximately 115 
microtubules arranged in concentric rings. 
This report describes the ultrastructure of a  coc- 
cid]spermatozoon that has an unusual motile appa- 
ratus.  Although this apparatus is structurally dis- 
tinct from the  9  -t-  2  flagellar type,  observations 
on living spermatozoa suggest that it has a  similar 
function. 
Sperm bundles were reported in insects as early 
as  1840  (64),  and  pairs,  groups,  or  bundles  of 
spermatozoa  have  been  reported  to  occur  com- 
monly in animals (9,  12, 31,  50, 67). A  quite un- 
usual sperm bundle is produced by the male scale 
insects of this study. The bundle is highly elongate 
and becomes actively motile upon transfer to  the 
female. This investigation into  the  ultrastructural 
basis of the motility of the sperm bundle has pro- 
vided some interesting observations on membranes 
which suggest that this sperm bundle may be clas- 
sified as a  syncytium. 
Apparently,  the spermatozoan of coccit[ insects 
lack  not only  a  flagellum but also  an  acrosome, 
mitochondria,  and  possibly  centrioles  (33,  34), 
that are all characteristic of most spermatozoa. This 
study  demonstrates  unorthodox  structures  in  the 
spermatozoon  of  the  scale  insect  Parlatoria  oleae, 
which may replace  these characteristic organelles 
in function. 
MATERIALS  AND  METHODS 
Scale  insects  of  the  species  Parlatoria  oleae Colv6e 
(Homoptera:  Coccoidea)  were  obtained  from  Mr. 
Glenn L. Finney, Division of Biological Control, Uni- 
versity of California, Berkeley. In the laboratory, cul- 
tures  were  established  on  tubers  of  the  cultivated 
potato, Solanum tuberosum, at 24 ° to 26°C,  50 to  70% 
relative humidity, and according to other important 
conditions described previously (60). 
Light mAcroscope  observations of spermatids,  ma- 
ture  spermatozoa,  and  sperm  bundles  were  made 
from squashes of whole testes or spermathecae. Several 
of these organs were dissected from living insects and 
lightly  squashed  in  balanced  saline  for  immediate 
examination with phase optics or dark-field illumina- 
tion. Others were fixed in acetic alcohol and squashed 
in 45% acetocarmine for conventional microscopy. A 
few preparations based on the Feulgen nucleal reac- 
tion were made from testes dissected and squashed in 
45~o acetic acid,  frozen briefly on dry ice to remove 
the cover slip, and then postfixed and stained follow- 
ing the procedure described in detail by Rieffel (58). 
Light micrographs were taken at film magnifcations 
of 1000  and  1500. 
Spreads of whole spermatozoa as well as sections of 
testes from  adult  males  were  prepared  for  electron 
microscopy.  The  spreads  were  made  by  dissecting 
mature spermatozoa from living males in a  drop of 
distilled  water  and  picking  them  up  on  Formvar- 
coated  grids.  The  grids  were  allowed  to  drain  on 
filter paper, and then a drop of 1.0~o phosphotungstic 
acid was placed on each one and left to dry (18). Ma- 
terial to be sectioned was dissected and fixed at 0 ° to 
10°C  according to  one of the following procedures: 
(a)  1 to 3 hr in 1.0~o OsO4 buffered to pH  7.4 with 
acetate-Vcronal buffer (51), or  (b)  3 to 4 hr in 6.3~0 
glutaraldehyde buffered to pH 7.4 with a 0.1 ~  phos- 
phate solution, followed by a  wash for 24 to 72 hr in 
several changes of the same buffer with 0.22 M sucrose 
added, and finally postfixation for 3 to 4 hr in Palade's 
fixative  (51,  62).  Dehydration  was  carried  out  in 
ethanol or acetone,  and the testes were embedded in 
Araldite,  Maraglas,  or  Epon.  Thin  sections  were 
picked up  on Formvar-coated  200-mesh grids or  on 
naked 300-mesh grids. They were stained for 10 to  15 
min  with  a  twemyfold  dilution  of  lead  hydroxide 
(35).  Micrographs were taken at original magnifica- 
tions of 10,000 to 40,000 diameters,  using a  Siemens 
Elmiskop I operating at 80 kv. 
RESULTS 
Light Microscopy 
The  mature  spermatozoon  of P.  oleae is  about 
300/~ long and roughly filamentous in form.  Ex- 
cept for its anterior extremity,  which tapers  to  a 
point  relatively  abruptly,  the  anterior  one-third 
to one-half of its length has a fairly constant diame- 
ter of approximately 0.3 #. On the other hand, the 
posterior  half  of  the  spermatozoon  tapers  con- 
tinuously,  but  gradually,  to  less  than 0.2  /~.  If a 
spermatozoon is swollen by fixation in acetic acid 
and  then prepared  according to  the Feulgen nu- 
cleal  technique,  it  exhibits  a  threadlike  core  of 
Feulgen-positive material which extends through- 
out  its  anterior  half.  Its  posterior  half  appears 
Feulgen negative. 
Mature  spermatozoa  are  grouped  in  bundles. 
Fig.  1 shows about 32 immature spermatozoa of a 
testis cyst,  which are  in the process of forming 2 
sperm  bundles.  The anterior end of each bundle 
is surrounded by a cell during this process. Spermi- 
252  THE JOURNAL OF CELL BIOLOGY • VoLwm ~9, 1966 ogenesis is synchronous  among all the cysts  (60); 
therefore,  the  adult  testis  contains  only  mature 
sperm bundles. 
The  fully  developed  sperm  bundle  appears  to 
have a  limiting sheath.  The bundle measures 2 to 
5  #  at  its  greatest  diameter,  depending  on  the 
preparation  used,  and  is  about  300  /z  long.  Its 
shape  is  similar to  that  of an  individual  sperma- 
tozoon, but exaggerated ten times or more on the 
transverse  axis.  The  spermatozoa  are  aligned 
roughly parallel to one another within the bundle 
and,  as  a  group  they  form  a  loose  helix  in  the 
anterior regions. Only the anterior half of a  sperm 
bundle is Feulgen positive, a  fact which indicates 
that  all its spermatozoa  are oriented  in the  same 
direction. 
Sperm bundles  are usually immotile when  dis- 
sected  from  adult  males,  and  motile  when  dis- 
sected from females. However, if a  male is  sacri- 
ficed for dissection while in the act of copulation, 
his testes and accompanying organs show rhythmic 
contractions  in  balanced  saline,  and  within  5 
min  the  sperm  bundles  begin  similar  rhythmic 
movements  which  appear  autonomous,  and  yet 
quite synchronous. A few minutes later, the sperm 
bundles begin a vigorous, asynchronous movement 
which  is  clearly  autonomous.  Under  normal 
conditions  the  sperm  bundles  may  not  become 
motile  until  they  are  transferred  to  the  female. 
After  a  variable  period  of  activity  and  storage 
within  the  female,  they  rupture  and  release  in- 
dividual spermatozoa for fertilization. 
The  spermatozoon  remains  vigorously  motile 
for  long  periods  of time.  Spermatozoa  have  sus- 
tained  continuous  motility for more  than  a  week 
on  sealed  microscope  slides.  A  female  isolated 
from  males  for  3  months  laid  fertile  eggs  daily, 
suggesting  that  spermatozoan  motility  may  have 
continued  throughout  this  period. 
The spermatozoon exhibits capacity for motility 
throughout  its  entire  length.  Undulations  pass 
from the extreme anterior tip to the posterior end. 
The anterior portion often rolls back on itself in a 
tendril-like spiral, or forms a hoop by looping back 
and  wrapping  around  the  less  anterior  portions. 
Both  the  spiral  and  the hoop forms are very dy- 
namic  and  give the spermatozoon  a  pseudohead, 
as it were,  which constantly  changes in  size. 
Electron Microscopy 
The fully developed sperm bundle, being longer 
than the testis, must  therefore bend  back on itself 
in order to be accommodated.  Thus,  an ultrathin 
section  of  a  mature  testis  which  is  filled  with 
variously  arranged  sperm  bundles  demonstrates 
many different regions of sperm bundles cut longi- 
tudinally,  obliquely,  and  transversly.  Many  such 
sections  from  numerous  testes  were  examined, 
and in one case the entire length of a pair of testes 
was sectioned to provide a  series of sections repre- 
sentative  of the length of a  sperm bundle.  Fig.  2 
shows  several  sperm  bundles  cut  almost  perpen- 
dicularly to their long axis. The number of sperma- 
tozoa per bundle varies over a wide range (2 to 28), 
but  it  averages  about  16  and  generally  falls be- 
tween  10 and 20. 
Somewhat less than  half of the bundle  transec- 
tions  shows  an  electron-opaque  core  in  each 
spermatozoon  (Fig.  2,  upper  left).  Longitudinal 
and  oblique  sections  show  that  the  core  is  not 
perfectly straight but follows a  wavy path through 
the central region of the spermatozoon. This wavy 
character  makes  it  difficult  to  determine  from 
longitudinal  sections whether the core is continu- 
ous  or  has  occasional  interruptions  and  whether 
or not it tapers near its ends.  In negatively stained 
spreads of whole spermatozoa,  an electron-opaque 
core  is  exhibited  which  is  limited  to  the  wider, 
anterior region of the spermatozoon.  No interrup- 
tions  in  the core  are  visible by  this  method,  but 
small gaps would not be discernible because of the 
thickness of the spermatozoon  and  the occasional 
discontinuities  in  staining  and  visibility.  The 
electron-opaque  core  demonstrated  by  these 
different  techniques  probably  corresponds  to  the 
swollen, Feulgen-positive core shown with the light 
microscope to  be approximately  150 #  long.  The 
core is  the  best  candidate  for  the  nucleus  of the 
spermatozoon,  but  it  has  no  enveloping  mem- 
branes  (Figs. 2 and 3). 
Another  numerous  group  (almost  half)  of the 
bundle  transections  shows  no  cores  at  all  in  the 
spermatozoa  (Fig.  2,  lower center).  The  average 
diameter of these bundle transections and of their 
spermatozoa  is less than  the  average diameter  of 
those bundle transections and of spermatozoa that 
have cores. This finding is consistent with the shape 
of the spermatozoon as seen with the light micro- 
scope, if the transections with cores are interpreted 
as representing the broader, anterior regions of the 
spermatozoa. 
Several bundle transections have a small diame- 
ter.  These can be divided into  two groups  which 
probably represent transections from the two ends 
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of  bundle  transection  has  spermatozoa  which 
vary greatly in diameter and are seldom cut in the 
same  plane.  The  larger  spermatozoa  contain 
small  cores;  others  have  no  cores.  This  type  of 
transection  is  interpreted  as  representing  the 
extreme anterior region of a  sperm bundle,  where 
the  spermatozoa  are  tapered  relatively  abruptly 
and  where  they  are  arranged  in  a  loose helix,  as 
seen with the light microscope. This interpretation 
is  consistent  with  the  occurrence  of cores  in  the 
larger spermatozoa of these transections.  The sec- 
ond  type  of bundle  transection  has  spermatozoa 
with  a  relatively uniform  diameter.  Often,  these 
are all cut in the same plane. They never contain 
a  core even when  their  diameter  is clearly large 
enough  to  accomodate  one,  in  comparison  with 
spermatozoa of the first type of bundle transection. 
This  type  of transection  probably  represents  the 
posterior  extremity  of  the  sperm  bundle,  where 
the spermatozoa taper very gradually and are not 
arranged  in  helical  form  but  are  quite  straight. 
Here the spermatozoa might be expected to have 
a  uniform  diameter  and  to  be  cut  in  the  same 
plane. 
A  few  bundle  transections  have  spermatozoa 
of  uniform,  approximately  maximum  diameter 
which  exhibit  cores of varying  diameter  (Fig.  2, 
upper  right).  In  these  examples,  the  cores  often 
measure less than 0.01  #, compared with the usual 
size of 0.07 #, and they may be absent from many 
of the  spermatozoa  of a  bundle  transection  (Fig. 
2,  upper  center).  Cores  with  larger  diameters 
show  increased  density  at  their  periphery,  while 
smaller  cores  are  uniformly  electron-opaque. 
These transections may represent an area or areas 
where the core tapers  and ends somewhere in the 
main  body  of the  spermatozoon. 
An  essentially  homogeneous  cytoplasm  sur- 
rounds  the  core  and  completely  fills  what  is 
interpreted  as the posterior region of the sperma- 
tozoon (Figs. 3 to 6). 
The  spermatozoon  is  delimited  by  an  over- 
lapped,  scroll-like sheath which looks like a  spiral 
of microtubules  in  transections  (Figs.  3  to  5).  It 
apparently  has  no  plasma  membrane.  Its  only 
boundary,  other than  the microtubular  sheath,  is 
a  faint, irregular line that lies just exterior to the 
sheath (Figs. 3 and 4). This line does not have the 
structure  typical  of a  membrane  after  either  os- 
mium tetroxide or glutaraldehyde-osmium tetrox- 
ide fixation. 
The microtubules of the spermatozoon's sheath 
have  external  dimensions  of  approximately  140 
to  220 A  and  internal  dimensions of about  70  to 
100  A,  following  glutaraldehyde-osmium  tetrox- 
ide fixation (Fig. 5). They have a  center-to-center 
spacing of approximately 250 A. Often, the space 
between  tubules  appears  to  be  spanned  by  two 
fibers  or  sheets  of  material  which  may  link  the 
tubules together, or may simply be arms projecting 
from the tubules. In cross-section, the tubules tend 
to appear rectangular or square rather than round. 
Oblique sections (Fig. 6), and especially negatively 
stained  preparations  of  whole  spermatozoa  (Fig. 
7),  show  the  tubules  running  essentially  parallel 
to  each other over substantial  distances.  It could 
not  be  determined  whether  or  not  they  form  a 
loose helix. Most transections show 45 to 50 tubules 
in  the  spermatozoon's  sheath.  However,  transec- 
tions interpreted  as representing  regions near  the 
posterior end of the spermatozoon show only 25 to 
FIGtTRE 1  Two sperm bundles being formed from the immature spermatozoa of a testis 
cyst. They are oriented in opposite directions: one clockwise, the other counterclockwise. 
Each  is  composed  of about  16  filamentous,  gradually  tapered  spermatozoa  which  are 
similarly aligned.  Arrows indicate their posterior ends which lie in another focal plane. The 
cell with a  V-shaped invagination seen on the right side of the micrograph has been dis- 
placed  from its  normal  position,  surrounding  the  anterior  end  of  a  bundle.  (Balanced 
saline, phase contrast.)  X  1500. 
FIGURE ~  Ultrathin transections of mature sperm bundles  cut in different regions.  Some 
transections show spermatozoa with electron-opaque cores  (bundle at  upper left); others 
show no cores (bundle at lower center). Those with cores are interpreted as representative 
of the anterior region of the spermatozoon which light microscopy has shown to contain a 
Feulgen-positive core.  Those without cores  are believed to  come from posterior regions. 
See text for further explanation. (Osmium tetroxide, Araldite, lead hydroxide.)  X  30,000. 
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nuclear material in the spermatozoa. Although each spermatozoon is delimited by a scroll-like  sheath of 
microtubules and a faint, irregular boundary of some sort (single shafted arrow), none has a plasma mem- 
brane or a  nuclear envelope. The bundle can be considered to be a  sperm syncytium. It has a limiting 
membrane which commonly appears trilaminar but sometimes displays 3 dark and ~ light zones (double 
shafted arrow). (Osmium tetroxide, Araldite, lead hydroxide.) X  100,000. 
30  tubules  which  are  sometimes  arranged  in  a 
concentric rather than a  spiral pattern (Fig. 8). 
What is interpr~et~d to be the anterior tip of the 
spermatozoon  possesses  a  body  with  an  inter- 
mediate  density  between  that  of  the  cytoplasm 
and that of the core which it displaces to an acen- 
tric  position (Fig.  9).  Like all  other structures of 
this  unusual  spermatozoon, this body apparently 
has no  membranes.  It  should  be noted that the 
spermatozoon in Fig.  9  is not contained within a 
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what is interpreted to be its posterior half. The bulk of the spermatozoon's cytoplasm shows essentially 
no pattern of organization. An arrow ind!cates a region where the bundle membrane exhibits 4 dark and 3 
light zones.  (Osmium tetroxide, Araldite, lead hydroxide.)  X  100,000. 
bundle,  but  is  free  in  the  testis.  Nevertheless, 
Fig.  9  demonstrates  the  usual  structure  for  a 
spermatozoon  cut  through  this  region,  including 
the  lack  of membranes. 
The  spermatozoa  of  a  sperm  bundle  are  im- 
mersed  in a  common  medium  or  phase  i which is 
essentially  membrane-free.  They  are  enclosed  by 
the limiting sheath of the  sperm bundle  (Figs.  3, 
4,  and  6).  This  sheath,  unlike  the  microtubular 
sheath of the  spermatozoon,  is  apparently  mem- 
branous,  and  it  commonly  appears  to  have  a 
trilaminar organization similar to that of a  plasma 
membrane. However, it often exhibits 3 dense and 
2  light zones (Fig.  3),  and sometimes 4  dense and 
3  light zones  (Fig.  4). 
The microtubular sheaths of all the spermatozoa 
of a  bundle are  similarly spiraled  or roiled.  They 
are  rolled  clockwise  in  about  half  the  bundle 
transections  and  counterclockwise  in  the  other 
half, but the direction is always constant within a 
given bundle (Fig.  2).  Limited serial sections sug- 
gest  that the  difference among  bundles is  an ex- 
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fixation preserves the detailed structure of the microtubular sheath.  Like fixation with osmium tetroxlde 
alone, it shows essentially no structural  differentiation of the spermatozoon's cytoplasm. Two fibers or 
sheets of material are often seen in the spaces  between tubules and they sometimes appear to link the 
tubules together (circle).  (Glutaraldehyde,  osmium tetroxide, Maraglas, lead hydroxide.)  X  170,000. 
pression  of their opposite orientation  in  the  testis 
and  not an  indication of dimorphic  spermatozoa. 
All the spermatozoa of a bundle tend to have the 
overlapped regions of their sheaths oriented in the 
same  direction  (Fig.  2).  Even  where  exceptions 
exist  (Fig.  2,  upper  right),  the  orientation  is far 
from random. 
Even though  almost the full length of the sper- 
matozoon was represented in the sections studied, 
no mitochondria, no centriole, nor any membranes 
were  found  after  either  osmium  tetroxide  or 
glutaraldehyde-osmium tetroxlde fixation. 
DISCUSSION 
Sperm Bundle Structure and Motility 
The  spermatozoa  of  many  animal  species  are 
grouped  in  pairs  or  in  various  types  of bundles. 
The associations of spermatozoa range from those 
which  are  only  temporary,  and  perhaps  of little 
significance, to those in which the organization of 
spermatozoa  into  groups  plays  a  major  role  in 
fertilization. Likewise, the character of the associa- 
tions varies from the condition in  which only the 
anterior ends of the spermatozoa are connected  to 
that  in  which  the  spermatozoa  are  tightly  com- 
pacted  into  completely  ensheathed  bundles. 
Among  insects,  pairs  of  spermatozoa  have  been 
reported  in  the  Coleopteran  Dytiscus marginalis 
(9)  and  in  two  Thysanurans,  Thermobia domestica 
(12)  and  Lepisma saccharina (69).  Sperm  bundles 
are much more common. Von Siebold (64)  found 
them in  the order Odonata  as early as  1840,  and 
comparative  studies  of several  species  and  orders 
have been made by Gilson  (31),  Smith  (67),  and 
Omura  (50).  All  coceids  examined  thus  far 
produce sperm bundles (13, 34, 48, 68), as do most 
other  Hemipterans  (11,  16,  31,  43,  53,  57,  70). 
Many  investigators  have  mistaken  bundles  for 
single spermatozoa  in coccids where the structure 
and motility of the spermatozoon are mimicked by 
the  sperm  bundle  (see  discussion  by  Nur,  refer- 
ence  48).  Detailed  descriptions  of  sperm  bundle 
formation in different coccids have been given by 
Hughes-Schrader  (33)  and Nur (48). 
This  ultrastructural  study  suggests  that  the 
mature  sperm  bundle  formed  by P. oleae consists 
of spermatozoa which lack individual membranes 
but  are  enclosed  in  a  membranous  sheath  com- 
mon to all.  Since fixation artifact cannot be ruled 
out,  one  might  suspect  that  the  faint,  irregular 
boundary  which  surrounds  each  spermatozoon 
(Fig. 3) could represent a  poorly fixed membrane. 
However,  this  seems  unlikely  since  apparently 
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spermatozoa. Note the longitudinal nature of the microtubules composing the sheath which envelops the 
spermatozoon  (arrows),  and the quite homogeneous structure  of the remaining cytoplasm. The lower- 
most  structure  in  the micrograph  is tile limiting membrane  of the  sperm bundle.  (Osmium tetroxide, 
Araldite, lead hydroxide.)  X  100,000. 
good  preservation  was  obtained  of other  struc- 
tures such as  the  bundle  membrane  and  the  mi- 
crotubules  of  the  spermatozoa.  The  possibility 
that  the  bundle  membrane  acts  as  a  significant 
barrier to the penetration of fixatives seems doubt- 
ful if one considers Fig. 9.  In this figure a  sperma- 
tozoon,  which is free of a  bundle  membrane  and 
therefore supposedly more directly exposed to the 
fixative  than  spermatozoa  in  bundles,  shows  no 
additional  detail  and  certainly  no  membranes. 
Whether  or  not  the  spermatozoon  obtains  a 
plasma  membrane  after  it  is  deposited  in  the 
female is unknown.  The spermatozoa of this study 
are  considered  mature,  because  they  were  fixed 
at  the  stage  when the  male  would  ordinarily  de- 
posit them in the female and because spermatozoa 
at  this  stage  are  capable  of motility,  One  might 
expect  further  developmental  changes  of  the 
spermatozoon  during  its storage in the female.  It 
is entirely possible that  the spermatozoon  obtains 
a  plasma  membrane  before it is released from the 
bundle and participates in fertilization. Moses and 
Coleman  have  shown  immature  spermatozoa 
which  appear  to  have plasma  membranes  (refer- 
ence 44:  Fig.  9).  However, they have also  shown 
mature  spermatozoa  (reference 44:  Fig.  8)  which 
seem  to  lack  membranes,  as  would  be  expected 
from  the  present  study.  A  developmental  study 
would  be  desirable  to  determine  whether  or not 
the  lack  of  a  plasma  membrane  is  a  temporary 
phenomenon. 
The  sperm  bundle  formed  by  P.  oleae can  be 
considered to be a  syncytium if one uses the broad 
definition that  a  syncytium consists of more than 
W.  GERALD ROBISON, JR.  Microtubules and Motility  259 FIGURE 7  Posterior region of a spermatozoon that was dissected in distilled water, spread directly on a 
Formvar-coated grid, and negatively stained with phosphotungstic acid. The microtubules of the sheath 
run essentially parallel to the main axis of the spermatozoon. Note that the diameter is too small for this 
to represent an anterior region of the spermatozoon.  No cores are seen in regions of this diameter; the 
cores are only in regions which are twice as broad or more.  X  l~0,000. 
one  nucleus  contained  within  a  common  mem- 
brane.  The  nuclei in  this case  are  the  threadlike 
cores of Feulgen-positive material  which are  seen 
with the light microscope and are probably repre- 
sented  by  the  electron-opaque  cores  observed  in 
ultrathin  transections (see  section under  Unusual 
Structure  of  Cell  Organelles).  The  cytoplasmic 
organelles  of  this  putative  syncytium  are  not 
randomly  distributed  but  are  associated  directly 
with each nucleus. Thus, a  sheath of microtubules 
incompletely  encloses  each  nucleus.  However, 
nonrandom  distribution  of  organelles  occurs  in 
syneytia of spermatids reported by several workers 
(8,  19,  25,  28),  and  therefore is not unusual.  Al- 
though the detailed structure and activities of the 
sperm  bundle  of P.  oleae  are  somewhat  unusual 
for  a  syncytium,  this bundle does,  in fact,  consist 
of  several  nuclei  within  a  common  membrane 
according  to  present  fixation  procedures. 
The  structure  of  the  sperm  bundle's  mem- 
branous  sheath  is  not  clearly  understood.  The 
regions  where  it  has  a  multilayered  appearance 
are  reminiscent  of  junctional  specializations 
formed  between  adjacent cells in  certain types  of 
tissue  (24,  59).  If  these  relatively  uncommon 
images  are  representative  of  the  true  structure, 
then the sheath is probably composed of two closely 
juxtaposed plasma membranes. On the other hand, 
if  such  images  are  produced  artifactitiously  by 
the  direction  of  sectioning or  some  other  factor, 
then only a  single plasma  membrane  may  be in- 
volved.  The  evidence  at  hand  is  insufficient  to 
allow a  decision. 
Motility  of  sperm  bundles  was  often  inferred 
by early workers, but evidently it was not demon- 
strated  in  vivo  until  Baumgartner  and  Payne 
(10),  Payne  (52,  53),  and ~mura  (49)  examined 
the reproductive organs of several insects by intra- 
vitam  techniques.  These  investigators  reported 
autonomous  motility  of  sperm  bundles  in  the 
testis and during their passage to  seminal  storage 
organs. 
The mechanical basis of the motility of a  sperm 
bundle appears to lie in the synchronous movement 
260  TaE JOURNAL OF CELL BIOLOGY " VOLUME  ~9, 1966 FIGURE 8  Transection of  a  region interpreted to  be 
near  the  posterior  extremity  of  the  spermatozoon 
(central  figure).  This  region  is  composed  of  micro- 
tubules alone,  and sometimes these are arranged in a 
concentric, rather than a  spiral, pattern.  (Glutaralde- 
hyde,  osmium  tetroxidc,  Maraglas,  lead  hydroxide.) 
X  1~0,000. 
of its spermatozoa and not in a contractile property 
of the bundle sheath. Spermatozoa in dense popu- 
lations and those in bundles which lack enveloping 
sheaths exhibit synchronous flagellation (4,  14, 52, 
71).  It is unlikely that the membranous sheath of 
the  sperm  bundle produced  by P. oleae possesses 
intrinsic motility. The possibility that a  common 
cytoplasm plays a  role  in the  synchronization of 
spermatozoan motility (4)  cannot yet be properly 
assessed in P. oleae. 
Spermatozoan Structure and Motility 
Tubules ranging from 120 to 270 A in diameter 
have  been encountered in a  wide variety of cell 
types  in  both  plants  and  animals.  Long  lists  of 
examples  are  presented  and  discussed  by  Roth 
(61),  Pitelka  (55),  Slautterback  (66),  Ledbetter 
and  Porter  (38),  and  Silveira  and  Porter  (65). 
Such  tubules  have  been  called  microtubules, 
microfilaments,  microfibrils,  microfibrillae,  etc. 
Although  very  little  is  known  regarding  their 
homology,  microtubules  from  very  different 
sources  have been implicated with  some  type  of 
contractile or supportive role (38,  55, 65). There- 
fore, they may be analogous. 
The  filaments  or  microtubules  of  cilia  and 
flagella  are  generally considered  to  be  elements 
capable  of  motility  (26).  Their  similarity  to 
certain other microtubules in general appearance 
FIGURE 9  Transection of a region believed to be near 
the anterior tip of the spermatozoon. In this area, the 
dense core, supposedly composed  of chromatin, is now 
quite smaller in diameter and is displaced to an acentric 
position  by  a  body  (arrow)  with  an  intermediate 
density between that of the spermatozoon's cytoplasm 
and that of the core. The usual cytoplasm is almost com- 
pletely replaced by this structure. Although the sperma- 
tozoon of this figure is fi'ee of a bundle, it demonstrates 
the usual structure for a  spermatozoon cut in this re- 
gion.  (Osmium tetroxide,  Araldite,  lead  hydroxide.) 
X  100,000. 
(32,  65)  and in substructure  (7,  39,  54)  suggests 
that homology as well as analogy may be involved 
in these cases.  On the other hand,  Gibbons (30) 
demonstrated  apparent  chemical  differences  be- 
tween the peripheral and the central tubules of a 
cilium,  a  fact  which  suggests  that  even  tubules 
produced by the same cell may not be homologous 
in this instance. 
The basic structural unit of motility appears to 
be the microtubule or a  subunit of it,  and not a 
specific  pattern  of  microtubular  o~ganization. 
Although cilia and flagella generally have a  basic 
9  +  2  arrangement  of  filaments,  some  motile 
flagella have a  cylinder which replaces the centarl 
doublet of microtubules (15,  63,  65),  and others 
have no central structure at all (2). Roth (61) and 
Pitelka (55) cited several examples, in protozoans, 
of  contractile  organelles  which  possess  micro- 
tubules  of  various  numbers  and  arrangements. 
Kitching  (37)  found  a  double  spiral  pattern  of 
microtubules in the axopods of a heliozoan. Grim- 
stone  and  Cleveland  (32)  clearly  demonstrated 
organized groups of microtubules in the contrac- 
tile  axostyle  of  a  termite  symbiont.  Christensen 
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matozoon whose motility probably depends on its 
specialized  pellicle,  which  consists  of  a  plasma 
membrane  closely  underlain  by  parallel  micro- 
tubules. Silveira and Porter (65) reported similarly 
arranged microtubules in the contractile headpiece 
of the spermatozoon  of another  flatworm.  There- 
fore, no  set microtubular  arrangement,  including 
the 9  +  2 pattern,  is required for the expression of 
motility. 
Coccid  spermatozoa  offer strong  evidence that 
microtubules  are  elements  directly  involved  in 
motility.  Hughes-Schrader  (33)  concluded  from 
light  microscope  observations  of  spermiogenesis 
of the iceryine coccids that  the spermatozoon has 
no  typical  flagellum.  This  was  substantiated 
through  ultrastructural  studies by Nebel  (45,  46) 
and  by Moses  and  Coleman  (44).  Their findings 
revealed  that,  although  no  flagellum  is  present, 
the  spermatozoon  is enveloped  in  a  sheath  com- 
posed  of  two  to  four  concentric  rings  of  micro- 
tubules.  This  sheath  may  be  homologous  to  the 
scroll-like sheath  of microtubules reported  in this 
study,  since  coccid  insects  were  used  in  all  in- 
stances.  The  spermatozoon  of  P.  oleae has  the 
capacity  of motility throughout  its entire length. 
Since  the  microtubules  are  the  only  structures 
which  extend  its  full  length,  they  are  probably 
elements involved in motility. 
Although  unorthodox,  the  pattern  of  micro- 
tubules  exhibited  by  the  spermatozoon  of  P. 
oleae may provide the structural basis of flagellum- 
like  motion.  If  so,  it  would  be  almost  directly 
analogous  to  the  9  +  2  microtubular  arrange- 
ment. Cilia and flagella have a  fundamental  two- 
dimensional  beat  or  wave  whose  orientation  is 
apparently  determined  by the central  doublet of 
the 9  +  2 axial complex (14, 21, 27, 29, 41).  The 
direction  of beat  is  always  perpendicular  to  the 
plane formed by an imaginary line connecting the 
centers  of  the  two  central  microtubules.  The 
spermatozoon of P. oleae is able to roll its anterior 
regions into a tendril-like spiral. To do this, it must 
be able  to  bend  in  a  single plane.  This behavior 
may be related  to  the  asymmetry  of the  sperma- 
tozoon.  Owing  to  the overlapped  structure  of its 
microtubular  sheath,  the  spermatozoon  has  one 
row of microtubules on one  side  and  two  on  the 
other.  The  spermatozoon  of  the  iceryine  coccid 
studied  by Moses and  Coleman  (44)  also demon- 
strates  asymmetry.  It  has  an  enveloping  sheath 
composed  of  two  complete,  concentric  rings  of 
microtubules and one inner,  half completed ring. 
Unfortunately,  the  characteristics  of the flagella- 
tions  of  coccid  spermatozoa  and  their  bundles 
are not known.  However, the  similar orientation 
of all the spermatozoa of a  sperm bundle,  in that 
their  overlapped  sides  face  the  same  direction, 
suggests  that  their  asymmetry  may  have  some 
significance  with  respect  to  flagellation.  This 
orientation  may be needed  to  allow the  sperma- 
tozoa of a  bundle  to  move as a  unit  with  motile 
characteristics  similar to those of a  single sperma- 
tozoon. 
Unusual Structure of Cell OrganeUes 
The spermatozoon of P. oleae apparently has no 
orthodox  cell  organellcs.  Hughes-Schrader  (33) 
stated that the spermatozoa of the iceryinc coccids 
she  studied  had  no  flagellum,  no  acrosome,  no 
mitochondria,  and  possibly no ccntriole. By strict 
definition,  this  claim  would  also  apply  to  the 
spermatozoon of P. oleae, which, in addition, could 
be considered  as lacking a  nucleus.  However, the 
electron-opaque core of the spermatozoon,  which 
is  seen  in  negatively  stained  spreads  and  in  sec- 
tions,  is  probably  composed  of nuclear  material 
since its position corresponds to that of the Fculgen- 
positive  core  seen  by  light  microscopy.  The  fact 
that the core exhibits a denser periphery and a less 
dense  center,  in  sections,  relates it to  the core of 
nuclear material  described  in  the iceryine coccid 
spermatozoon  by  Moses  and  Coleman  (44).  The 
core they reported  had  a  similar appearance  after 
partial  selective staining  with  indium  trichloride 
and  uranyl  acetate.  Although  this  putative  nu- 
clear material lacks enveloping membranes and is 
not shaped like an orthodox nucleus, it is probably 
analogous  to  the  nuclei  of other  spermatozoa. 
The scrolMike sheath which envelops the sperma- 
tozoon  of P.  oleae evidently  takes  the  place  of a 
flagellum (see section under  Spermatozoan  Struc- 
turc and Motility). This probable motile apparatus 
is  composed  of microtubulcs  which  are  arranged 
in  a  spiral  pattern  as  seen  in  transection.  The 
fibers  or  sheets  which  sometimes  appear  to  link 
the  tubules  (Fig.  5)  may  be  related  to  the  arms 
which project from subfiber A  of the microtubular 
doublets  in  the  true  flagellum  (1).  On  the  other 
hand,  they may be more similar to the connecting 
fibers in cilia reported by Gibbons (30).  Occasion- 
ally,  a  microtubular  sheath  is encountered  which 
has a  short section of microtubules interposed  be- 
tween the two layers of its overlapped side (Fig. 5). 
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anomaly  since  it  occurs  relatively  seldom,  and 
limited serial sections tend to dispel the possibility 
that it is characteristic  of all  spermatozoa  over a 
short distance. 
Although  apparently  no  typical mitochondrion 
is present in the mature  spermatozoon  of P. oleae, 
a  drastically  altered  mitochondrial  derivative 
could  be.  In many  species,  mitochondrial  altera- 
tions  during  spermiogenesis  merely  consist  of 
changes in the number, morphology, and arrange- 
ment of cristae (3, 6, 23, 36). In others, the cristae 
are  greatly  reduced  in  size,  or  a  mitochondrial 
derivative  is  formed  which  has  no  cristae  at  all 
(5, 6, 8, 22, 40, 42, 47, 72). Andr6 (5, 6) described 
the nebenkern derivatives in certain snail sperma- 
tozoa  as  having  paracrystalline  structure.  The 
crista-free  mitochondrial  derivatives in  the  sper- 
matozoa  of  several  insect  species  demonstrate 
various degrees of periodicity and  have also been 
referred  to  as  paracrystalline  bodies  (22,  40,  42, 
47). Meyer (42)  suggested that they may consist of 
respiratory  proteins  in  a  somewhat  solid  state. 
The  almost  homogeneous  cytoplasm,  which 
occupies the major volume of the P. oleae sperma- 
tozoon, could be a  crista-free mitochondrial prod- 
uct and  serve as  an  energy store for motility.  Its 
extension throughout  most of the spermatozoon's 
length  and  its proximity  to  the  suspected  motile 
apparatus  are  characteristics  that  are  typical  of 
mitochondrial  derivatives in other insect  sperma- 
tozoa  (17).  Negatively stained  preparations,  such 
as  those  of  Meyer  (42),  may  demonstrate  more 
substructure  and  thus  permit  comparisons  with 
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